Background: Prior studies indicate that the auditory mismatch response is sensitive to early alterations in brain development in multiple developmental disorders. Prenatal alcohol exposure is known to impact early auditory processing. The current study hypothesized alterations in the mismatch response in young children with fetal alcohol spectrum disorders (FASD).
T HE ASSOCIATION BETWEEN maternal drinking and alcohol teratogenicity in the fetus was formally established in the medical literature about 4 decades ago (Lemoine et al., 1968) . This relationship was initially detected by specific craniofacial features, growth deficiencies, and central nervous system alterations in children prenatally exposed to alcohol (Jones and Smith, 1973) . Persistent behavioral and cognitive impairments are also observed in some children prenatally exposed to alcohol without the dysmorphic features (Mattson et al., 1997) and are classified as having fetal alcohol spectrum disorders (FASD). However, in the absence of dysmorphia, challenges remain for researchers to delineate unique patterns of cognitive deficits and behavioral problems that epitomize the complete range of FASD.
Examining sensory processing in young children may provide an early indication of altered brain function in children with FASD. Auditory processing has been shown to be linked to language deficits in children prenatally exposed to alcohol (Church and Kaltenbach, 1997) , providing further motivation to assess early sensory processing. While language encompasses a large set of higher-level cognitive abilities, it involves the integration of more basic processes such as attention, memory, sensation, perception, and motor activity (Pennington and Ozonoff, 1996) . Language deficits are well-documented problems in alcohol exposed children (Mattson et al., 2011; McGee et al., 2009) . Thus, assessing the neurophysiology of the auditory system is important to understand the elementary causes of the cognitive and behavioral deficits experienced by children with FASD.
In the few FASD and prenatal alcohol exposure (PAE) studies using neurophysiological measures, human eventrelated brain potentials (ERP) and event-related fields (ERF) were used to study deficits in basic auditory sensory processing (Church and Kaltenbach, 1997; Kaneko et al., 1996; Stephen et al., 2012; Tesche et al., 2015 ) along with impaired higher-level cognitive function in the auditory domain (Gerhold et al., 2017; Steinmann et al., 2011) . While study findings vary by important factors of sex, maturational effect, stimulus presentation, and attentional manipulation, they report on deficits implicating pathways that link basic sensory processing and cognitive function in children with PAE. For instance, auditory delays in basic sensory perception may signal functional difficulties in auditory information processing for preschool-aged children with FASD (Stephen et al., 2012) , whereas auditory processing also shares a strong association with language development (Kraus et al., 1996; Tallal, 1976) . Functional problems may manifest later in development as a result of early sensory deficits (Port et al., 2016) . This pattern is evident in some aspects of response inhibition and conflict monitoring, where deficits in perceptual and attentional auditory processing may be related to either compromised sensory representations or impaired top-down input during the perceptual/ attentional stage of processing (Gerhold et al., 2017; Steinmann et al., 2011) .
While many FASD studies explore ERPs, none have investigated the neural processes of auditory discrimination/ error detection represented by the mismatch negativity (MMN) component. In infant and child studies, defective ERPs have been associated with diverse neurocognitive impairments including difficulties with language in instances of premature birth (H€ ovel et al., 2015; Mikkola et al., 2007) . These observations lead us to explore the effects of alcohol exposure on neural processes of the MMN component in preschool-aged children.
ERPs and ERFs are noninvasively recorded neurophysiological signals that reflect electrical changes in brain activity. MMN and its magnetic equivalent (MMNm), assessed using the auditory oddball paradigm, are presumed to be the neural representations of sound discrimination/error detection (N€ a€ at€ anen et al., 1993) . The MMN response is generated when deviant sounds violate the repetitive sequence of standard tones in an oddball paradigm. The MMN usually peaks between 100 and 250 ms after stimulus change onset and is observed in the difference waveform when the standard response is subtracted from the deviant response (N€ a€ at€ anen et al., 1993) . The latencies and amplitudes of MMN vary with the individual's discrimination abilities while accounting for the effects of maturation and brain damage (Winkler, 2007) . Furthermore, a correlation between MMN latency and age has been reported previously (Morr et al., 2002) warranting the inclusion of age as a covariate in the current study.
The goal of this study was to characterize the MMN response in preschool-aged children with FASD. Based on prior studies indicating altered MMNm in children with language difficulties and the prior results indicating altered auditory processing in children with FASD, we hypothesized that the MMNm in children with FASD would be reduced and/ or delayed relative to Controls. We used a passive auditory odd ball paradigm to assess the function of MMNm by examining the difference of response between the frequent and rare tones presented binaurally.
MATERIALS AND METHODS

Participants
The University of New Mexico Health Sciences Center Institutional Review Board approved the study. It is in full compliance with the Declaration of Helsinki. Investigators described the study to the parents who provided written informed consent for their child to participate before starting data collection. We recruited 21 Controls and 11 children with FASD. We maintained a 96% success rate for the magnetoencephalography (MEG) task. For those who were successful in the task but presented poor data, we discovered a temporary external noise source. For this reason, we collected good quality MEG data from 17 Controls and 9 children with FASD. We recruited the Control children from the local community through flyers, word of mouth, and from previous studies. We used a brief questionnaire to screen the Control group. The results were negative in terms of developmental or neurologic disorders, delays in development, history of special education or neurodevelopmental disorders, and PAE.
We recruited the children identified with FASD through the Fetal Alcohol Diagnostic Clinic at the Center for Development and Disability at the University of New Mexico Health Sciences Center. A team of clinicians including a developmental pediatrician, clinical neuropsychologist, and a child clinical psychologist with extensive experience in the diagnosis and evaluation of children with FASD diagnosed the children. Employing the Institute of Medicine Criteria, participants were categorized by the following diagnoses: fetal alcohol syndrome (FAS), partial fetal alcohol syndrome (pFAS), or alcohol-related neurodevelopmental disorder (ARND) (Stratton et al. 1996) . While all participants in the FASD group had confirmed PAE, 3 of them met criteria for FAS, 3 for pFAS, and 3 for ARND. Maternal alcohol consumption was confirmed either by explicit maternal testimony or through eyewitness report of repeated maternal drinking during pregnancy and/or legal records substantiating alcohol consumption during pregnancy (e.g., DWI arrest). Results from state-mandated newborn screening (otoacoustic emissions test) and follow-up screens confirmed that none of the participants had hearing problems. However, 3 of them had their vision corrected with glasses.
Auditory Oddball Task
Speakers located in the room positioned to the left and right of the child presented the auditory stimuli binaurally and simultaneously. The frequent tones (1,000 Hz; 72 dB) were measured at the location of the MEG helmet and the rare tones (1,200 Hz; 72 dB) were presented with a probability of 16%. The stimuli were presented at a duration of 50 ms (5 ms ramp at beginning and end) and the interstimulus interval was 1 AE 0.2 seconds. Approximately 600 trials were collected for the frequent tone condition and 100 trials for the infrequent tone. The task took approximately 15 minutes to complete. The results from the frequent tones were reported in our previous study (Stephen et al., 2012) . The current results focus on the MMN response as elicited by the rare tones relative to the frequent tones. During data collection, the participants watched a silent movie on a screen placed over the child, allowing for viewing in supine position. The investigator and the caregiver remained in the shielded room with the child during data collection to ensure comfort and task compliance. All who remained in the shielded room during data collection were required to remove all metal and electronic devices to reduce magnetic noise. Adult medical scrubs and metal-free child t-shirts were provided as needed. We did not sedate or restrain participants during data collection.
MEG Data Collection
Data were collected across a 10-month interval from March 2010 to January 2011. We carried out MEG sessions during the daytime to maximize compliance from the child who was expected to be alert and well rested. General MEG procedures are similar to those reported previously (Stephen et al., , 2006 . To facilitate offline artifact removal, we simultaneously obtained bipolar electrocardiogram (ECG) and electrooculogram (EOG) recordings with the MEG. We placed EOG electrodes at the outer canthus of the right eye and above the left eye to capture both eye blinks and eye movements. We placed ECG electrodes below the clavicles. We taped MEG head position indicator (HPI) coils to a child-sized cloth cap that was fitted to the child's head, individually. This made preparation more efficient and comfortable because we could avoid placing tape in children's hair. Instead, the cloth cap was taped to the available skin surfaces, thereby reducing its movement across the child's head. We registered HPI coils to left and right preauricular and nasion fiducial points using the Fastrak Digitizer 3D position tracking device (Polhemus, Colchester, VT). We collected additional head shape points to aid the MEG/magnetic resonance imaging (MRI) co-registration process.
We obtained MEG data using the Vector View 306-channel whole-head biomagnetometer (Elekta Neuromag, Stockholm, Sweden). After preparation, we transferred the child to the Elekta/Neuromag MEG system bed situating them in a supine position. The MEG system is based in a 2-layer magnetically shielded room (Vacuumschmelze; VACUUMSCHMELZE GmbH & Co., Hanau, Germany). Investigators carefully placed the child's head within the helmet and added padding to reduce the potential for major head movements. This involved additional care to ensure that the placement of the cloth cap did not move relative to the child's head.
MRI Data Collection
The MRI and MEG data were collected during separate visits. We collected structural MRIs using a 3T Trio MRI system (Siemens, Erlangen, Germany). The T1-weighted MRI sequence provided brain images which allowed us to map MEG activity onto anatomical features. We collected MRI data during the nighttime to minimize movement from the child who was expected to sleep during the scan. Six children who had difficulty sleeping and were compliant during the MEG were successfully scanned while awake in the MRI. They watched a movie during the MRI scan. Both the room attendant and MRI technician monitored movement and re-ran scan sequences according to need. A trained room attendant remained next to the child throughout the entire MRI scan. The child was provided with MRI headphones and wax ear inserts to reduce the risk of hearing loss. We obtained sagittal T1-weighted anatomical images with a multi-echo 3D MPRAGE sequence (TR/TE/TI = 2,530/1. 64, 3.5, 5.36, 7.22, 9 .08/1,200 ms, flip angle = 7°, field of view = 256 9 256 mm, matrix = 256 9 256, 1 mm thick slice, 192 slices, GRAPPA acceleration factor = 2).
Data Analysis
We preprocessed MEG data using the temporal, signal space separation method available in the Elekta Maxfilter software (Taulu and Kajola, 2005) . This corrected head position and reduced external noise. We assessed data quality by reviewing continuous offline data. We projected artifacts from heartbeat and auditory speakers out of the data using the Elekta signal space projection software. The stimuli were averaged by condition. We analyzed a time window of 50 to 350 ms for both the frequent and infrequent tones. We included in the same source analysis model the waveform data from the frequent and rare conditions to make direct comparisons of source amplitude within subjects between conditions.
We registered the MEG data to each participant's MRI in most cases. For unsuccessful MRIs, we substituted a comparable child's MRI based on matched head size and age. This is common for source analysis in studies where MRIs were not obtained (Dalal et al., 2011) . After we identified the right and left preauricular and nasion fiducial points on the MRI, a semi-automated fitting routine in MRIVIEW was applied to co-register the MEG and MRI data . The MRI was then segmented to identify the brain volume. A pixilated set of points based on the cortical brain volume provided starting locations for the dipole fitting procedure. Local, sensor-fitted multiple spheres (Huang et al., 1999) were used as the head model for calculating the forward solution. We used the cortical-start spatio-temporal (CSST) analysis approach for performing the source modeling. The advantages of this approach have been described elsewhere (Stephen et al., 2006) . When consistent locations arise across the thousands of fits and across participants using this approach, one can more confidently assert the accuracy of the source locations for the task.
Our group among others have employed the CSST source modeling approach over the last 15 years (Stephen et al., 2003 (Stephen et al., , 2007 (Stephen et al., , 2010 Susac et al., 2011) with methodological details described previously. Briefly, random starting locations are chosen from the pixilated set of points identified within the cortical volume. A preprocessing step helps simplify the number of parameters to be resolved by identifying dipolar activity using a MUSIC approach for a subset of the sources (for details, see Ranken et al., 2002) . This reduced complexity dataset is submitted to a fully unconstrained Nelder-Mead minimization procedure. The Nelder-Mead procedure has been shown to reduce the likelihood that the fitting procedure will be caught in local minima. Once this procedure is performed for the specified number (2,500 to 5,000 fits depending on the number of dipoles being modeled), the best fits-based on a reduced chi square fitting criterion and 90th percentile in the chisquare ranking or greater-are subjected to a finer-grained NelderMead minimization procedure. Upon completing the fine-grain search, the best 10 solutions are evaluated. Multiple dipole models are tested for each participant. The best multiple dipole model is chosen based on the criteria identified by Supek and Aine (1993) .
Prior to dipole modeling, the sensor waveforms from the frequent and rare conditions were concatenated into a combined waveform. This ensured that the same auditory source location would be identified for both conditions by eliminating the potential confound of slight differences in source localization that can influence source amplitude. Once the best dipole model was identified for the combined auditory condition, the sources common across subjects were identified. The time courses obtained from the dipole model were compiled within source across subjects and statistical analysis was performed on the latency and amplitude of the prominent peaks identified in the source time courses by condition. We report time courses for sources located in primary auditory cortex (see Fig. 1 ). Two separate analyses were performed to compare the frequent and rare auditory source time courses. First, following the MMN literature, the rare time course was subtracted from the frequent time course (within subject) to identify the MMNm difference response.
Second, similar to our prior study reporting on the frequent auditory tones, we identified the peak latencies and amplitudes for the frequent and rare auditory time courses. These peak latencies and amplitudes were compared within a repeated measures analysis of variance.
We obtained the signal-to-noise ratio (SNR) from the averaged auditory waveforms for each participant. The signal to noise reported is the maximum SNR across channels which are obtained by identifying the maximum signal to the frequent condition in the response time window (20 to 350 ms) and dividing by the standard deviation of the baseline (À100 to 0 ms) noise for each channel.
Statistical Analysis
Statistical analysis was performed using SPSS version 20 (IBM, Armonk, NY). For the MMN comparison, the difference waveforms were compared separately for left and right hemisphere auditory sources. Group differences were assessed using time-point-bytime-point t-test comparisons. Previous EEG studies have confirmed that greater than 10 sequential data points with p < 0.05 represents a significant waveform group difference (Stone et al., 2011) . For the peak latency and peak amplitude comparison, group differences were tested using repeated measures analysis of variance (RM-ANOVA), each with age as a covariate, peak and hemisphere as the within-subjects factors, and diagnosis and biologic sex as the between-subject factors.
RESULTS
The demographic data for the participants are shown in Table 1 . There was no significant difference in age between the groups (p = 0.4). However, despite this lack of statistical significance, age was included in the statistical model as a covariate. Based on the chi-square test, there was no significant difference in gender distribution between the groups (p > 0.05). There was no significant difference in gestational age (weeks) by group (p = 0.25) in the current sample.
The SNR and number of trials for the 2 groups were equivalent. The SNR was 36.7 AE 3.7 SEM for Control and 33.5 AE 5.1 SEM for children with an FASD with no significant difference between groups (p = 0.47). The number of trials was statistically equivalent between groups for both the frequent tone (p = 0.7) with an average of 594 AE 43 trials for Control and 573 AE 59 trials for children with an FASD and the rare tone (p = 0.6) with an average of 118 AE 8 trials for Control and 117 AE 11 trials for children with an FASD. This indicates that the reported results are likely not influenced by differences in data quality across groups. In addition, we identified 2 prominent peaks in the auditory response (N100m and N200m) in the source time courses across subjects and groups (see Fig. 2) .
A prominent MMN response was elicited by the frequency-change stimuli in each group (Control and FASD). The group difference between the MMN responses was tested with time-point-by-time-point t-test comparison. This result did not reveal a significant group difference. Also, there were no significant RM-ANOVA effects involving group for either MMNm response peak latency or peak amplitude (see Fig. 3 ). The results indicate that, in the auditory domain, the neurophysiological MMNm response to a change in frequency was statistically equivalent between Controls and children with FASD.
The response to the frequent and rare stimuli elicited N100m and N200m peaks within the time frame of 50 to 350 ms similar to that observed previously in response to frequent stimuli. The RM-ANOVA with condition (frequent vs. rare), peak (N100m and N200m), and hemisphere as within-subject factors and diagnosis and sex as the betweensubject factors showed a significant interaction of peak by diagnosis, F(1, 21) = 13.48, p = 0.001. There was neither a significant main effect of sex nor a group by sex interaction effect (ps > 0.05). The significant peak by diagnosis interaction indicates that the pattern of peak amplitude differed in FASD and control groups with N100m amplitudes reduced relative to N200m for FASD and N100m amplitudes greater than N200m amplitudes for Controls (see Fig. 4) . However, Fig. 1 . Example auditory source locations from the cortical-start spatiotemporal (CSST) analysis for an fetal alcohol spectrum disorders (FASD) child. no significant difference was found with the simple effects comparisons (p > 0.05). No group differences were found in the response latencies of the rare auditory evoked fields (latency effects for standard tones reported previously).
DISCUSSION
This study is the first to use the auditory oddball paradigm to test sound discrimination/error detection abilities in preschool-aged children diagnosed with an FASD using the MMNm component measured with MEG. Contrary to our hypothesis, the results indicate that no difference was detected between children exposed to alcohol prenatally and those who were not by measure of amplitude or latency of the MMNm response to simple tones modulated by frequency change in preschool-aged children with FASD.
However, while discrimination abilities to simple tones may be intact, early auditory sensory processing assessed with the amplitude of the N100m and N200m peaks differed by group. Our results suggest that while pinpointing the origin and extent of FASD deficits, researchers should consider early stages of sensory processing (particularly across N100m and N200m peaks) which may impact developmental trajectories differently based on maturational stages.
In contrast to our previous findings, the rare stimulus did not reveal latency delays in children with FASD relative to Controls (Stephen et al., 2012) . This may be explained by the general reduction in signal to noise since the rare stimulus necessarily is presented less frequently (~100 epochs) than the frequent tone (~500 epochs). In our previous findings, the delay was significantly different by group, but the group difference was small (~10 ms). This likely limited the ability to detect group differences in response latency to rare stimuli alone.
The current results reveal a group by peak interaction in amplitude instead. To observe this result, we preformed statistical analysis on the N100m, N200m separately from the MMNm component. The N100m wave followed by the N200m, exogenous components, is elicited by sound level change even when the change does not violate earlier acoustic regularity and the N100m is generally the largest amplitude response to simple auditory stimuli (Campbell et al., 2007) . The MMNm, an endogenous component, is co-determined by stimulus properties and internal state. The most widely accepted perspective recognizes that the N100m represents stimulus detection, whereas the MMNm discriminates pattern changes in auditory stimuli (Winkler, 2007) . The difference procedure that generates the MMNm controls for individual subject differences in the N100m and N200m. This within-subject versus between-group comparison may help explain the significant group by peak interaction for peak amplitude in the absence of group differences in the MMNm response. In the current study, this indicates that the stimulus detection response (N100m and N200m) is at risk of being altered by PAE yet the ability to discriminate frequency change may be intact at this age in children with FASD.
The altered pattern of N100m to N200m peak amplitude has not been reported previously. However, a recent study examined the differential effects of measuring these responses with EEG and MEG (Shahin et al., 2004) . Prior studies have also indicated that the different components produce different relative amplitudes across development. While we do not have a full appreciation for this altered pattern based on the current study, it may indicate an altered developmental pattern in children with FASD relative to Controls (Ponton et al., 2000; Shahin et al., 2004) . H€ ovel and colleagues (2014) who reported a decrease in N100 amplitude in very preterm-born children (27.4 AE 1.9 gestational weeks, n = 70) measured at 4 to 5.5 years of age interpreted this finding to reflect impaired cognition based on comparisons to similar findings described in term-born children that included behavioral outcome measures (H€ ovel et al., 2014, 2015) . Most interesting, they also found no significant group differences based on MMN latency or amplitude between preterm-and term-born children at preschool age concluding that the MMN is not the best measure to determine neurocognitive effects for this age group.
The significant group interaction with insignificant simple effects may best be explored in the context of a debate in the FASD literature about the effects of alcohol on language development (Mattson et al., 2011; McGee et al., 2009) . Despite the early reports of language deficits in children with FASD (Church and Kaltenbach, 1997) , language deficits do not appear to persist across development in FASD and other deficits predominate (Mattson et al., 2011; McGee et al., 2009) . Other reports suggests that language disorders develop in part because of impaired auditory perception with a strong association to temporal processing (Bishop, 2007; Tallal, 1976) . However, frequency discrimination measures are the least sensitive for capturing altered language processing relative to duration and amplitude deviants (Bishop, 2007) . The MMNm response in preschool children with FASD observed in the current study may be an example where language impairment is less prominent at this level of auditory processing.
The current study has some limitations. First, while the small sample size may reduce the ability to detect group differences, the waveforms suggest that there was only a weak trend for a group difference in MMNm in FASD relative to Controls suggesting that early auditory discrimination may be intact in individuals in language-dominant hemisphere with FASD. Follow-up studies should include a larger sample size to examine possible group and hemispheric effects. Second, FASD diagnostic subgroups (ARND, FAS) were not compared. As FASD is a heterogeneous set of disorders, the MMNm may vary across subgroups; however, this was not feasible with the current sample size. Third, the stimulus features of the oddball paradigm only included a frequency manipulation. A more complex version (duration and amplitude) may reveal differences in the MMN response in FASD. Several studies consistent with basic findings of attenuations of the amplitude of the MMN and atypical lateralization in the clinical group were most likely to be found in studies using rapidly presented stimuli, including nonverbal sounds (Bishop, 2007) .
Despite these limitations, the results of the current study add to earlier findings with altered auditory responses and faulty developmental patterns to rare stimuli found in children exposed to alcohol at the earlier stages of information processing. Most importantly, they suggest that sound discrimination/error detection abilities may not be the ideal focus in research for preschool-aged children prenatally exposed to alcohol. Rather earlier sensory processes in the auditory cortex may present more risks in young children with FASD. Future studies are needed to examine the relationship between neurophysiological differences and behavioral/cognitive outcome measures that were not assessed for this study.
